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Abstract: The operation of energy systems considering a multi-carrier scheme takes several 
advantages of economical, environmental, and technical aspects by utilizing alternative options is 
supplying different kinds of loads such as heat, gas, and power. This study aims to evaluate the 
influence of power to hydrogen conversion capability and hydrogen storage technology in energy 
systems with gas, power and heat carriers concerning risk analysis. Accordingly, conditional value 
at risk (CVaR)-based stochastic method is adopted for investigating the uncertainty associated with 
wind power production. Hydrogen storage system, which can convert power to hydrogen in off-
peak hours and to feed generators to produce power at on-peak time intervals, is studied as an 
effective solution to mitigate the wind power curtailment because of high penetration of wind 
turbines in electricity networks. Besides, the effect constraints associated with gas and district 
heating network on the operation of the multi-carrier energy systems has been investigated. A gas-
fired combined heat and power (CHP) plant and hydrogen storage are considered as the 
interconnections among power, gas and heat systems. The proposed framework is implemented on 
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a system to verify the effectiveness of the model. The obtained results show the effectiveness of 
the model in terms of handling the risks associated with multi-carrier system parameters as well 
as dealing with the penetration of renewable resources.  
Keywords: Hydrogen storage technology, multi-carrier system, risk analysis, renewable energy 
sources, stochastic scheduling.  
Nomenclature 
t  Time horizon 
g Gas provider 
i  Production plant 
wf Wind plant 
b Bus of power grid  
m, n Node of gas grid 
h Node of heat grid 
j Electricity demand 
gl Gas demand 
hl Heat demand 
 L Line of power grid 
gs Gas storage  
ph Hydrogen storage  
pl Pipe of gas grid 
hp Pipe of heat grid 
NT Entire time intervals 
NJ Entire electricity demand 
NGL Entire gas demand 
NHL Entire heat demand 
NE Entire non-gas-fired plants 
NG Entire gas-fired units 
NC Entire CHP plants 
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NGC Entire CHP and gas-fired plants 
NGS Entire gas storage  
NU  Entire number of production units 
NWF Entire number of wind plants 
NHP Entire number of pipes of heat grid  
NPL Entire number of pipes of gas grid 
NB Entire number of buses of power grid 
, , , , , i i i i i ia b c d e f  Cost coefficients of the production plant i 
max min,i iP P  Min/Max power supply of plant i 
Max, charge Max, discharge,hs hsB B  Max charging/discharging rate of heat storage hs 
,max ,max,
out in
gs gsGS GS  Max gas production/supply of gas storage gs 
Max Min,hs hsB B  Min/Max capacity of heat storage hs 
max min,gs gsE E  Min/Max capacity of gas storage gs 
𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 ,𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 Min up/down time of the plant i 
max
LPF  Transfer capacity of power line L 
LX  Reactance of line L 
,j tD  Power load j at time t 
,hl tHL  Heat demand hl  
,hl tHLQ  Mass flow of heat load hl  
max min,h hT T  Min/Max temperature of heat grid at node h 
max min,m mπ π  Min/Max pressure of gas grid at node m 
max min,g gGW GW  Min/Max gas provide of gas petroleum g 
max min,l lGL GL  Min/Max gas load l 
max min,hp hpHP HP  Min/Max capacity of heat pipe hp 
,wf tP  Forecasted wind power 




LPF  Capacity of power line L 
i,tP  Power supply of plant i  
i,tI  On/off status of plant i  
,i tH  Heat generation of CHP i  
,L tPF  Power flow of power line L  
, 1 , 1,
on off
i t i tX X− −   On/off time of plant i 
,hp tHP  Mass flow of heat pipe 
,h tT  Water temperature of heat grid node h 
,
back
h tT  Returning water temperature of heat grid node h at time t 
,i tHQ  Mass flow of CHP plant 
, ,,
out in
gs t gs tGS GS  Supply/storage of gas in storage gs 
,l tGL  Gas demand L 
,g tGW  Gas supply of gas supplier g 
,m tπ  Gas pressure of gas grid node m 
,pl tF  Gas flow of line pl  
,i iSU SD  Start-up/shut-down cost of non-gas-fueled plant i 
,i iSUG SDG  Start-up/shut-down fuel usage of gas-fueled plant i 
,b tδ  Angle of bus b  
1. Introduction 
1.1. Motivation 
The interconnection among energy networks is rising because of the high integration of novel 
facilities such as combined heat and power (CHP) plants, energy storage, renewable energy 
sources, and gas-fueled generation units [1, 2]. The integrated energy networks take advantage of 
using alternative sources of energy in providing various types of energy loads. Also, it should be 
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mentioned that by optimizing the operation of energy networks separately, optimal operation of 
the total energy network cannot be ensured because integrated energy carrier is not considered in 
such optimization. An important aspect of the integration of energy networks includes the 
integration between power and heat networks as well as power and gas systems. The high 
penetration of gas-fired units and power-to-gas plant is effective in raising the integration level of 
gas and power systems. According to the statistics reported in the United States, the usage of gas 
is one-third of utility-scale in power generation plants in 2018 [3]. On the other hand, the 
advantages of the CHP plants in terms of economic and environmental aspects are lucrative for 
industrial, commercial and residential loads by connecting to boilers and district heating networks 
(DHN) [4, 5]. To this end, this study investigates the influence of power to hydrogen conversion 
ability and hydrogen storage in combined power, gas and heat systems under a risk-based 
framework. Power to hydrogen (P2H) technology is a promising solution for eliminating the wind 
power curtailment that is beneficial to conversion of the extra power of wind units to hydrogen, 
and use it at on-peak hours of power system. Accordingly, the interconnection level of power, gas 
and heat systems is growing by penetration of P2H technology and gas-fired CHP plant.  
1.2.Literature review 
The interconnection among power, gas and heat networks is of great importance, which has deeply 
evaluated in the literature. In [6], the authors have presented a security-based scheduling of 
combined gas and power networks considering networks consequences such as an outage of gas 
lines and power losses. A combined scheduling model of this system is introduced in [7] for 
improving the operation model, where wind power uncertainty is studied, and demand response 
for both gas and power carriers is discussed. An energy flow scheme for power and gas systems 
based on Newton–Raphson model has been proposed in [8]. In [9], the application of power-to-
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gas facility in scheduling of combined power and gas systems has been evaluated by proposed a 
robust model. The authors have studied expansion planning of such systems in [10] based on 
integrated mixed-integer linear programming. In [11], the authors have minimized the scheduling 
cost of the multi-carrier systems and maximized the owners profit of the system based on a bi-
level scheme. To study a combined power system based on a bi-level programming, where the 
upper/lower levels deal with the power and gas systems, the authors has presented a model in [12]. 
In [13], multi-carrier energy systems with water, power, gas and heat carriers has been studied 
based on evaluating the role of energy storage technologies. A bi-level model for multi-carrier 
systems has been presented in [14], where expansion planning and operation of the system are 
studied in the upper and lower levels. A robust operation model of multi-carrier energy systems 
has been introduced in [15] considering the uncertainty of load, where the effect of water 
desalination systems and thermal storage have been investigated. A linearization approach is 
introduced in [16] to analysis the non-linear limits of the gas system. In [17], a two-stage stochastic 
programming is proposed for energy and reserve coordination in power and gas networks. A two-
stage model for combined gas and power networks is proposed in [18] by studying the uncertain 
parameters. The authors have proposed an innovative energy management model in [19] for 
smoothening gas and power load patterns by taking advantage of interconnection among power 
and gas networks and technologies such as the power to gas and CHP units.  
Recently, the proportion of hydrogen storage and renewable energy resources has been 
investigated in several studies [20, 21]. The prior endeavor in the area of coordinating hydrogen 
storage and photovoltaic cells has been performed in 1990 [22]. Utsira, Norway is the first location 
for installing the largest hydrogen-wind, which was performed by Norwegian Norsk Hydro 
company with the German Enercon company. This system can operate in isolated mode with a 
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90% availability index [23]. In 2007, another project for the integration of hydrogen storage to 
wind turbines was accomplished in Nakskov, Denmark [24]. The integration of hydrogen carrier 
in energy networks has been increased by using power to hydrogen technology, fuel cells, and 
penetration of hydrogen-powered vehicles. Power to hydrogen (P2H) system employs electrolysis 
to convert the extra electrical energy of an energy network generated by wind turbines to hydrogen, 
which is beneficial to the whole network in terms of managing the demand pattern. The stored 
hydrogen can be utilized by a fuel cell to produce power for satisfying the on-peak system load. 
The utilization of such technology in hydrogen-based industry or gas networks can be defined as 
one of the main features of P2H [25]. Researchers have concentrated on the application of P2H 
technology in energy networks in the literature. In [26], the integration of P2H technology and 
WTs in energy networks have been evaluated considering demand-side management and 
uncertainty characteristics in the network. The authors have proposed a security-constrained model 
of energy system operation in [27] considering the P2H technology, where the uncertainty effects 
of the system parameters have not been addressed. The investigation of the P2H system in energy 
hubs to accommodate the significant integration of wind energy sources has been accomplished in 
[28]. The authors have introduced a new energy management framework for controlling isolated 
microgrids including photovoltaic systems and wind power plants as well as hydrogen generation 
and storage unit in [29], where the storage is considered for maximizing the benefits of available 
renewable power sources. The authors in [30] have studied the influence of the presence of power 
to gas system on operation cost and security of networked energy hubs, which verifies that 
methanization ability of such systems can be profitable for the network at time intervals with a 
shortage in gas supply. In [31], a novel assessment method of electrical energy network voltage 
stability in the existence of wind turbines and uncertain heat and power loads have been proposed, 
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which is studied using a stochastic programming approach. To the best knowledge of the authors, 
no study has investigated the effect of P2H technology in the scheduling of the multi-carrier energy 
networks in a transmission-constrained unit commitment scheme.  
Considering the uncertain nature of some energy systems parameters such as power output of wind 
turbines, energy market price and load, different methodologies have been proposed in the 
literature to deal with risk analysis of uncertain parameters in energy networks. In [32], a risk-
based stochastic scheme for the scheduling of energy hubs is presented for hubs with wind units, 
energy market, power and thermal energy storage facilities considering demand response. In this 
reference, the risk related to uncertain parameters is minimized for the solution of risk-based 
energy hub operation using downside risk constraints (DRC) approach. Similarly, DRC method is 
applied in [33] for handling the risk constrained by uncertain parameters in the solution of the 
electrical energy procurement of large consumers, where an analysis of economic risk is evaluated 
in line with a stochastic programming. In [34], the authors have proposed a risk-analysis scheme 
for the scheduling of a multi-carrier energy hub that focuses on the combination of compressed air 
energy storage, where the heat and power demand response applications are considered. The risk 
analysis in the scheduling of energy systems with integration of plug-in electric vehicles (PEVs) 
is performed in [35] based on a risk-constrained stochastic model, where DRC is employed to 
obtain appropriate decisions for the PEV aggregator based on various amounts considered for risk. 
According to the complexity of modeling the uncertainty of solar units and power price in studying 
optimal bidding of concentrating solar power units, the authors have applied a scenario-based 
stochastic programming in [36]. So, this reference has presented a risk-constrained stochastic 
scheme to obtain optimal offering curves when selling power to the market considering the 
uncertain parameters. A robust OPF model is proposed in [37] based on limiting the frequency and 
9 
 
severity of branch flow limit violations using a CvaR scheme. In this reference, the CvaR model 
has controlled the risk in the operation model when wind power deviates from its predicted amount. 
A risk-based hybrid approach has been proposed in [38] to address wind power and gas demand 
uncertainties in gas and power-based energy systems studying power-to-gas facility and demand 
response programs. The authors of [39] have proposed a robust model for managing the power 
market price in a P2H-based micro-energy hub in the presence of integrated demand response. A 
hybrid information gap decision theory-stochastic model has been applied in [40] for clearing 
power-and heat-based energy markets under uncertainty of wind power production, as well as heat 
and power loads. 
1.3.Contributions 
High penetration rate of renewable energy sources, gas/coal-fired power production units, 
cogeneration plants, and energy storage systems to multi-carrier energy networks benefits them 
economically. In addition, such systems benefit from using alternative options in providing 
different energy carriers such as hydrogen storage technology, which is effective in obtaining the 
minimum cost and maximizing the capability of network in satisfying different types of energy 
carriers. Moreover, handling the optimal operation of energy systems separately cannot confirm 
the optimal operation of the completely multi-energy system because the interdependency among 
energy carriers are not considered. As the best knowledge of the authors, the evaluation of power 
to hydrogen storage as well as risk analysis in multi-carrier energy systems have not been discussed 
in the literature. So, the main objective of this paper is to study the role of power to hydrogen 
storage in multi-carrier networks and to evaluate its influence on optimal sets points of energy 
systems. Also, as the main feeder for power to hydrogen storage is wind power in multi-carrier 
energy systems, studying the risk associated with wind power uncertainty is of great importance, 
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for which CvaR is implemented in this study. All in all, this resaerch studies the effect of P2H 
storage in power, gas and heat systems under a CVaR-based stochastic programming approach. 
The most contributions of this study can be highlighted as: 
 The increasing penetration of wind power in energy systems has appeared several 
challenges in the electrical energy systems, which is solved by considering P2H 
technology, and based on inherent characteristic of every energy storage technology it can 
convert the extra wind power to hydrogen, and use it in on-peak hours of the power system 
to produce power by gas-fired turbines. So, the influence of P2H technology on optimal 
set points of the multi-carrier network equipment is investigated, and the variation of 
system operation cost with respect to the addition of P2H is evaluated.  
 The CHP plant is based on gas fuel and in line with hydrogen storage, which are the two 
major connections between different energy carriers. The hydrogen storage unit stores 
extra wind power in the form of hydrogen and increases the amount of fuel to be sent to 
gas power plants by converting hydrogen into gas fuel. So, it is expected that by adding 
P2h technology to a multi-carrier network, the participation of CHP plants in the supply 
energy demands of the system and energy market will be increased.  
 The constraints of all three heat, gas, and electricity systems and the impact of these system 
constraints are evaluated on the optimal schedule of units and the cost of the combined 
energy network. 
 Since the power output of wind turbines has am uncertain characteristic, a solution 
methodology is needed for mitigating the wind power curtailment. Such an issue comes 
more important when a high penetration of wind turbines is penetrated to the energy 
systems. Accordingly, the presented scheme has considered a stochastic programming 
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based on CVaR for analyzing the risk associated with the uncertainty of wind power 
production. 
1.4.Organization 
This study is organized as: Section 2 provides the problem formulation of the presented model for 
the transmission-constrained unit commitment of multi-carrier networks. The case study and 
results, as well as the performance evaluation of the introduced scheme, are given in Section 3. 
The conclusion of the introduced scheme and this study are provided in Section 4.   
2. Problem formulation based on stochastic programming 
The main purpose of the presented model is minimizing the operation cost of the combined 
energy system with hydrogen storage technology. The objective function of the model is given in 
(1), for which the first part relates to the operation cost of non-gas-fired plants. The second one is 
the operation cost of the hydrogen storage system, and the third one includes the operation cost of 
the gas providers. It is noteworthy that the operation cost of the gas-fueled plants is contained in 
the operation cost of the gas providers since such units are considered a load for the gas system. 
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The power supply limits of the generation units should be considered as (2). The linear equations 
of a convex feasible operating region of the CHP plant are given by (3)-(6) [41]. The limitations 
of the ramp-up/down of all the production units are studied by (7)-(8). In addition, (9) and (10) 
limits the minimum up/down-time for generation plants [42], and (11)-(16) define the start-
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Equations (17) and (18) show the limitation of the conversion of power to hydrogen and hydrogen 
to gas. Equation (19) shows the amount of energy available in the hydrogen storage system. 
Equation (20) shows the amount of produced gas during the conversion process of hydrogen to 
natural gas. The limits of hydrogen storage system capacity are also illustrated by (21). 
min max
, , , , , ,ph ph t s ph t s ph ph t sPH I PH PH I
+ + + + +≤ ≤  (17) 
min max
, , , , , ,ph ph t s ph t s ph ph t sPH I PH PH I
− − − − −≤ ≤  (18) 
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, , , -1, , ,
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, , , ,ph t s ph t sHG PHϕ
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min max
, ,ph ph t s phHS HS HS≤ ≤  (21) 
The heat balance considering the heat generation, heat load, and heat flow through the district 
heating network is given by (22). The relation of the heat and mass flow in the district heating 
system is formulated as (23) and (24). Also, the mass flow rate and length of the heat pipeline are 
effective in defining the temperature drop as (25). The heat loss is given by (26), and the limitation 
of the temperature of system nodes is defined in (27). In addition, the limits of water flow through 
the heat lines are given by (28).  
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The natural gas flow within the gas transmission lines is given by (29)-(30) as a function of gas 
pressure. In addition, natural gas flow with consideration of compressor is mentioned in (31). The 
limit of the gas supplier and limits of nodes pressure which are given by (33), (34), and (35) 
formulates the balance of natural gas in the gas network.  
2 2
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The power balance of the system considering the power supply of the plants, hydrogen storage 
power, wind power output as well as the load and power flow through the power network lines is 
given by (36). The power flow equation and its limitations are mentioned in (37)-(38). It is worth 
to note that the slack bus angle is zero.  
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2.2.CVaR based formulation 
This study applies the CVaR method for modelling the variability risk of operation cost for a 
determined confidence level α. CvaR is average operation cost of (1−α)×100%  scenarios with 
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Where, the optimal amount of ς  is cost of CVaR with a determined confidential level a. Also, sη  
defines the difference of the cost in each scenario and ς with a positive difference; otherwise, it is 
zero. Accordingly, the objective function can be updated by taking CVaR into account as: 
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(2)-(38) and (40)-(41) (43) 
3. Case study and obtained results 
For evaluating the performance of the presented scheme, a 30-node heating, 6-node electricity, and 
6-node gas networks are considered, which is shown in Fig. 1. Data on the specifications of the 
networks and generation units are given in [28] and [43]. The electrical, gas, and thermal demands 
as well as the wind generation power for the 24-hours’ time interval are shown in Fig. 2. A 
hydrogen storage system with maximum charge and discharge capacity of 50 MW and capacity of 
300 MWh are located on bus 1. Hydrogen storage efficiency is assumed to be 80% in both charging 
and discharging conditions, which converts the input electricity to natural gas under a 64% 
efficiency. The following three case studies are studied for evaluating the introduced scheme: 
 Case 1: Day-ahead schedule of network-constrained multi-carrier energy network without 
hydrogen storage; 
 Case 2: Day-ahead schedule of network-constrained multi-carrier energy network with the 
presence of hydrogen storage; 
 Case 3: Risk-based day-ahead schedule of a network-constrained multi-carrier energy 




Fig. 1. The studied energy network 
 
Fig. 2. The forecasted energy demands of the studied multi-carrier energy system 
3.1. Case 1: Schedule of multi-carrier energy network without hydrogen storage 
Hydrogen storage system and wind uncertainty are not considered in this case. The schedule of the 
plants considering the limitations of the energy networks is demonstrated in Fig. 3. The CHP unit 
has been involved in providing the energy of the system throughout the studied time period. The 
plant G1 contributes to power supply of the system between t=10 h and t=22 h by occurring an 
increment in the grid's power load and decrement of the wind power generation. The power plant 
G2 is cooperated in power load supply as the most expensive power plant between t=12 h and t=22 
h. While more expensive power plants have been involved in power load supply between t=10 h 
and t=22 h, the CHP plant has not been used at its maximum capacity (i.e., 220 MW) at such hours 
for two main reasons. First, as depicted in Fig. 4, the power flow between buses 1 and 4 is at its 
maximum capacity between t=10 h and t=16 h as well as t=22 h and t=23 h. The second reason is 
the limitation of the gas flow sent to this generation plant, which increases the power dispatch of 
the power plant G2, as demonstrated in Fig. 5. As can be seen, between t=17 h and t=20 h, when 























































plant G2 has increased due to the reduction in CHP power generation capacity, leading to an 
increase in the system operation cost. The role of heat loss on the heat dispatch of the CHP is 
shown in Fig. 6, which shows the generated heat by CHP is increased in the presence of heat loss. 
The impact of considering gas and heat system constraints on the operation cost of the system is 
shown in Table 1. As can be seen, considering the limits of the gas network and the heat losses of 
the heating system, the operation cost is $257758.45, which has increased by 1.4% compared to 
the condition that these limitations had not been considered. The comparison between the wind 
power dispatch and the available wind power is demonstrated in Fig. 7. The wind power dispatch 
is less than the available wind power at t=1 h to t=7 h as well as t=12 to t=13 h. The wind power 
cut-off in this case is 312.523 MWh, due to the congestion of power lines at t=12 h and t=13 h and 
technical limitations of the CHP plant at t=1 h and t=7 h. 
 

























Fig. 4. Power flow of line between buses 1 and 4 during the scheduling time horizon 
 
 























































Fig. 6. The impact of the heat system losses on the heat dispatch of CHP 
 
Table 1. The impacts of the energy systems constraints on the cost 
 Power system Gas and power system All the three systems 
Cost ($) 254036 256421 257758 
 
Fig. 7. The wind power dispatch and available wind power during the scheduling time horizon 
 
3.2. Case 2: Schedule of multi-carrier energy network with hydrogen storage 
















































considering the uncertainty of the wind power output. Hourly schedule of the hydrogen storage is 
depicted in Fig. 8. When high wind power output is available, the storage system operates in power 
to hydrogen conversion mode that converts extra wind power to hydrogen, thereby increasing the 
dispatch of wind power. The influence of the presence of hydrogen storage on wind power dispatch 
is depicted in Fig. 9. The total wind power cut-off has been reduced from 312.523 MWh in the 
first case to 66.797 MWh in the second one. In addition, as shown in Fig. 10, the CHP plant faces 
a restricted supply of fuel gas in t=20 h and t=17 h, which increases power dispatch of CHP through 
conversion of stored hydrogen to gas. The system cost is reduced from $257758 in the first case 
to $255460 in this case. 
 




















Fig. 9. The influence of the presence of hydrogen storage on wind power dispatch 
 
Fig. 10. CHP power generation in Cases 1 and 2 
3.3.Case 3: Risk-based schedule of multi-carrier energy network with hydrogen storage 
In this case, the wind power uncertainty is studied. Monte Carlo methodology is employed to 
produce 100 scenarios. The forecast error of the wind power relates to a normal distribution 
function with a standard deviation of 10% and a mean of zero. The SCENRED tool of GAMS 


















































Case 1 Case 2
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of gas and heat networks on the expected operation cost without the presence of hydrogen storage 
system with β=0. Concerning the gas system constraints and the heat losses of the district heating 
system, the expected operation cost has increased. Under these conditions, the expected wind 
power curtailment is 313.611 MW. Table 3 also shows the effect of considering hydrogen storage 
on operation cost and expected wind power curtailment. Considering the hydrogen storage system, 
the expected operation cost has been reduced to $25,5459. The wind power curtailment has also 
been reduced to 66.797 MWh, which shows the effect of hydrogen storage technology on 
increasing wind dispatch. In order to manage the wind power uncertainty under a risk aversion 
approach, we changed the β coefficient from 0.1 to 0.9. Figure 11 also depicts the impact of 
changes in β on the operation cost of the combined energy system for a constant value of α=0.9. 
CVaR is the expected operation cost in 10% of scenarios with the highest operating cost. The 
increase in β increases the operation cost. In fact, higher operation costs occur at a lower risk level, 
and lower operation cost occurs at a higher risk level. Therefore, the operator of the integrated 
energy system adopts a more conservative approach with a lower risk level by increasing the β 
parameter, which will increase the system operation cost. 
Table 2. The effect of the grids’ constraints on expected operation cost under wind power uncertainty 
 Power system Gas and power system All the three systems 
Cost ($) 254037 256423 257759 
 
Table 3. The effect of the hydrogen storage on expected operation cost under wind power uncertainty 
 Without HES With HES 
Total operation cost ($) 257759   255459 
Curtailed wind power 




Fig. 11. The effect of β coefficient on CVaR-based stochastic problem on the cost of the network 
3.4. Discussion 
A scenario-based risk analysis scheme was proposed in this paper to deal with uncertainty 
associated with power output of wind turbines integrated to a multi-carrier energy system. For 
handling the risks involved in the uncertainties, the CVaR approach is applied that can benefit the 
multi-carrier system operator with vast authority in making appropriate decisions concerning risks. 
Accordingly, the purpose model considered a forecast error for the power output of wind turbines 
based on normal distribution function. So, the wind power uncertainty is managed under a risk-
aversion methodology, where the CVaR is the expected cost of the multi-carrier energy system 
operation in 10% of scenarios with the highest operating cost. The results verify that the increase 
of Cvar parameter β has a direct relationship with the operation cost. The investigations toward 
the risk analysis of multi-carrier energy systems operation showed that higher system operation 
cost happens at a lower risk level, and lower system operation cost happens at a higher risk level. 
Accordingly, the system operator considers a more conservative method with a lower risk level by 























This study proposed an optimal operation scheme for multi-carrier energy systems integrated with 
hydrogen storage technology concerning limits of the electricity, gas and district heating networks. 
Considering the pressure limits of the gas network, at time intervals when the non-plant gas load 
was increased, a reduction in the fuel delivered to the CHP plant is observed, resulting in increased 
system operation cost. On the other hand, considering the losses of the district heating network, 
the heat generated by the CHP plant increased, which increased the amount of consumed fuel and 
consequently it increased the system operation cost. The hydrogen storage as an emerging 
technology has played a significant role in decreasing the operation cost of the energy system and 
increasing the penetration of wind energy. This storage technology prevented wind power 
curtailment by converting and storing excess wind power to hydrogen. Additionally, the hydrogen 
storage technology played a considerable role in improving the power dispatch of the CHP unit 
through the conversion of stored hydrogen into gas at times when the CHP plant faced limited 
supply of natural gas, which reduced the operation cost of the combined energy system. In order 
to manage the uncertainty of wind power, a CVaR-based stochastic approach was used to present 
a conservative method. The results showed that by increasing the β-operator of the multi-carrier 
network, a more robust and cost-effective scheduling approach is taken.  
References 
[1] T. H. Kwan, X. Wu, and Q. Yao, "Performance comparison of several heat pump technologies 
for fuel cell micro-CHP integration using a multi-objective optimisation approach," Applied 
Thermal Engineering, vol. 160, p. 114002, 2019. 
[2] H. Liu, J. Sui, W. Han, Z. Wang, and N. Zhang. "Operation strategy of interconnected 
combined cooling, heating, and power systems based on exergoeconomic analysis." Journal of 
26 
 
Cleaner Production, vol. 245, p. 118822, 2020. 
[3] United States Energy information administration, 
https://www.eia.gov/todayinenergy/detail.php?id=38812 
[4] H. Wang, L. Duanmu, R. Lahdelma, and X. Li, "A fuzzy-grey multicriteria decision making 
model for district heating system," Applied Thermal Engineering, vol. 128, pp. 1051-1061, 2018.  
[5] G. Manente, A. Lazzaretto, I. Molinari, and F. Bronzini. "Optimization of the hydraulic 
performance and integration of a heat storage in the geothermal and waste-to-energy district 
heating system of Ferrara." Journal of Cleaner Production, vol. 230, pp. 869-887, 2019. 
[6] B. C. Erdener, K. A. Pambour, R. B. Lavin, and B. Dengiz, "An integrated simulation model 
for analysing electricity and gas systems," International Journal of Electrical Power & Energy 
Systems, vol. 61, pp. 410-420, 2014. 
[7] L. Bai, F. Li, H. Cui, T. Jiang, H. Sun, and J. Zhu, "Interval optimization based operating 
strategy for gas-electricity integrated energy systems considering demand response and wind 
uncertainty," Applied Energy, vol. 167, pp. 270-279, 2016. 
[8] Q. Zeng, J. Fang, J. Li, and Z. Chen, "Steady-state analysis of the integrated natural gas and 
electric power system with bi-directional energy conversion," Applied energy, vol. 184, pp. 1483-
1492, 2016. 
[9] C. He, T. Liu, L. Wu, and M. Shahidehpour, "Robust coordination of interdependent electricity 
and natural gas systems in day-ahead scheduling for facilitating volatile renewable generations via 
power-to-gas technology," Journal of Modern Power Systems and Clean Energy, vol. 5, no. 3, p. 
375, 2017. 
[10] H. Cui, F. Li, Q. Hu, L. Bai, and X. Fang, "Day-ahead coordinated operation of utility-scale 
electricity and natural gas networks considering demand response based virtual power plants," 
27 
 
Applied Energy, vol. 176, pp. 183-195, 2016. 
[11] G. Li, R. Zhang, T. Jiang, H. Chen, L. Bai, and X. Li, "Security-constrained bi-level economic 
dispatch model for integrated natural gas and electricity systems considering wind power and 
power-to-gas process," Applied energy, vol. 194, pp. 696-704, 2017. 
[12] A. Alabdulwahab, A. Abusorrah, X. Zhang, and M. Shahidehpour, "Coordination of 
interdependent natural gas and electricity infrastructures for firming the variability of wind energy 
in stochastic day-ahead scheduling," IEEE Transactions on Sustainable Energy, vol. 6, no. 2, pp. 
606-615, 2015. 
[13] M. Nazari-Heris, B. Mohammadi-Ivatloo, and S. Asadi, “Optimal operation of multi-carrier 
energy networks with gas, power, heating, and water energy sources considering different energy 
storage technologies,” Journal of Energy Storage, vol. 31, 101574, 2020. 
[14] Q. Zeng, B. Zhang, J. Fang, and Z. Chen, "A bi-level programming for multistage co-
expansion planning of the integrated gas and electricity system," Applied energy, vol. 200, pp. 
192-203, 2017. 
[15] M. Nazari-Heris, B. Mohammadi-Ivatloo, and S. Asadi, “Optimal Operation of Multi-Carrier 
Energy Networks Considering Uncertain Parameters and Thermal Energy Storage,” Sustainability, 
vol. 12, no. 12, 5158, 2020. 
[16] C. Shao, X. Wang, M. Shahidehpour, X. Wang, and B. Wang, "An MILP-based optimal power 
flow in multicarrier energy systems," IEEE Trans. Sustain. Energy, vol. 8, no. 1, pp. 239-248, 
2017. 
[17] M. A. Mirzaei, A. S. Yazdankhah, B. Mohammadi-Ivatloo, M. Marzband, M. Shafie-khah, 
and J. P. Catalão, "Stochastic network-constrained co-optimization of energy and reserve products 
in renewable energy integrated power and gas networks with energy storage systems," Journal of 
28 
 
Cleaner Production, vol. 223, pp. 747-758, 2019. 
[18] C. He, L. Wu, T. Liu, W. Wei, and C. Wang, "Co-optimization scheduling of interdependent 
power and gas systems with electricity and gas uncertainties," Energy, vol. 159, pp. 1003-1015, 
2018. 
[19] N. Gholizadeh, G. B. Gharehpetian, M. Abedi, H. Nafisi, M. Marzband, “An innovative 
energy management framework for cooperative operation management of electricity and natural 
gas demands”, Energy Conversion and Management, vol. 200, p. 112069, 2019. 
[20] T. Zoss, E. Dace, and D. Blumberga, "Modeling a power-to-renewable methane system for 
an assessment of power grid balancing options in the Baltic States’ region," Applied Energy, vol. 
170, pp. 278-285, 2016. 
[21] R. Amirante, E. Cassone, E. Distaso, and P. Tamburrano. "Overview on recent developments 
in energy storage: Mechanical, electrochemical and hydrogen technologies." Energy Conversion 
and Management, vol. 132, pp.372-387, 2017. 
[22] M. Götz et al., "Renewable Power-to-Gas: A technological and economic review," Renewable 
Energy, vol. 85, pp. 1371-1390, 2016. 
[23] U. Mukherjee, S. Walker, A. Maroufmashat, M. Fowler, and A. Elkamel, "Power-to-gas to 
meet transportation demand while providing ancillary services to the electrical grid," in Smart 
Energy Grid Engineering (SEGE), 2016 IEEE, 2016, pp. 221-225: IEEE. 
[24] P. Alto, "Holeby.“First Danish hydrogen energy plant is operational”." Renewable Energy 
Access, http://www. renewableenergyworld. com/rea/news/article/2007/06/first danish-hydrogen-
energy-plant-is-operational-48873, 2007. 
[25] M. A. Mirzaei, A. S. Yazdankhah, and B. Mohammadi-Ivatloo, "Stochastic security-
constrained operation of wind and hydrogen energy storage systems integrated with price-based 
29 
 
demand response," International Journal of Hydrogen Energy, vol. 44, no. 27, pp. 14217-14227, 
2019.  
[26] M. A. Mirzaei, A. S. Yazdankhah, and B. Mohammadi-Ivatloo, "Integration of Demand 
Response and Hydrogen Storage System in Security Constrained Unit Commitment with High 
Penetration of Wind Energy," in Electrical Engineering (ICEE), Iranian Conference on: IEEE, pp. 
1203-1208, 2019.  
[27] B. Mingfei, Y. Jilai, M. Shahidehpour, and Y. Yiyun, "Integration of power-to-hydrogen in 
day-ahead security-constrained unit commitment with high wind penetration," Journal of Modern 
Power Systems and Clean Energy, vol. 5, no. 3, pp. 337-349, 2017.  
[28] J. Li, J. Fang, Q. Zeng, and Z. Chen, Optimal operation of the integrated electrical and heating 
systems to accommodate the intermittent renewable sources. Applied Energy, 167, 244-254, 2016. 
[29] G. Cau, D. Cocco, M. Petrollese, S. K. Kær, and C. Milan. "Energy management strategy 
based on short-term generation scheduling for a renewable microgrid using a hydrogen storage 
system." Energy Conversion and Management, vol. 87, pp. 820-831, 2014. 
[30] N. Gholizadeh, M. J. Vahid-Pakdel, and B. Mohammadi-ivatloo. "Enhancement of demand 
supply’s security using power to gas technology in networked energy hubs." International Journal 
of Electrical Power & Energy Systems, no. 109, 83-94, 2019. 
[31] M. Jadidbonab, M.J. Vahid-Pakdel, H. Seyedi, and B. Mohammadi-ivatloo. “Stochastic 
assessment and enhancement of voltage stability in multi carrier energy systems considering wind 
power.” International Journal of Electrical Power & Energy Systems, 106, pp.572-584, 2019. 
[32] M. Tian, A. Ebadi, K. Jermsittiparsert, M. Kadyrov, A. Ponomarev, N. Javanshir, N., and S. 
Nojavan, “Risk-Based Stochastic Scheduling of Energy Hub System in the Presence of Heating 
Network and Thermal Energy Management.” Applied Thermal Engineering 159, 113825. 2019.  
30 
 
[33] Y. Cao, Q. Wang, Q. Fan, S. Nojavan, and K. Jermsittiparsert, “Risk-Constrained Stochastic 
Power Procurement of Storage-Based Large Electricity Consumer.” Journal of Energy Storage, 
28, 101183. 2019. 
[34] M. Jadidbonab, E. Babaei, and B. Mohammadi-ivatloo. "CVaR-constrained scheduling 
strategy for smart multi carrier energy hub considering demand response and compressed air 
energy storage." Energy 174, pp. 1238-1250, 2019. 
[35] M. Tian, S. Yan, X. Tian, M. Kazemi, S. Nojavan, and K. Jermsittiparsert, “Risk-Involved 
Stochastic Scheduling of Plug-in Electric Vehicles Aggregator in Day-Ahead and Reserve Markets 
Using Downside Risk Constraints Method.” Sustainable Cities and Society, 55, 102051, 2019.  
[36] D. Yu, A. Ebadi, K. Jermsittiparsert, N. Jabarullah, M. Vasiljeva, and S. Nojavan, “Risk-
constrained Stochastic Optimization of a Concentrating Solar Power Plant.” IEEE Transactions on 
Sustainable Energy (In press), 2019, DOI: 10.1109/TSTE.2019.2927735. 
[37] R. A. Jabr, "Distributionally robust CVaR constraints for power flow optimization." IEEE 
Transactions on Power Systems, 2020, (In press), DOI: 10.1109/TPWRS.2020.2971684. 
[38] M. A. Mirzaei, M. Nazari-Heris, B. Mohammadi-Ivatloo, K. Zare, M. Marzband, and A. 
Anvari-Moghaddam. "A novel hybrid framework for co-optimization of power and natural gas 
networks integrated with emerging technologies." (In press), 2020, IEEE Systems Journal, DOI: 
10.1109/JSYST.2020.2975090. 
[39] A. Mansour-Saatloo, M. Agabalaye-Rahvar, M. A. Mirzaei, B. Mohammadi-Ivatloo, and K. 
Zare. "Robust scheduling of hydrogen based smart micro energy hub with integrated demand 
response." (In press), 2020, Journal of Cleaner Production: 122041, DOI: 
10.1016/j.jclepro.2020.122041 
[40] M. A. Mirzaei, M. Nazari-Heris, B. Mohammadi-Ivatloo, K. Zare, M. Marzband, M. Shafie-
31 
 
Khah, A. Anvari-Moghaddam, and J. PS Catalão. "Network-Constrained Joint Energy and Flexible 
Ramping Reserve Market Clearing of Power and Heat-Based Energy Systems: A Two-Stage 
Hybrid IGDT-Stochastic Framework." (In press), 2020, IEEE Systems Journal, 1-10, DOI: 
10.1109/JSYST.2020.2996952.  
[41] M. Nazari-Heris, S. Abapour, and B. Mohammadi-Ivatloo. "Optimal economic dispatch of 
FC-CHP based heat and power micro-grids." Applied Thermal Engineering ,114, 756-769, 2017. 
[42] B. Mohammadi-Ivatloo, H. Zareipour, N. Amjady, and M. Ehsan. "Application of 
information-gap decision theory to risk-constrained self-scheduling of GenCos." IEEE 
Transactions on Power Systems 28, no. 2, 1093-1102, 2012. 
[43] A. Alabdulwahab, A. Abusorrah, X. Zhang, and M. Shahidehpour. "Stochastic security-
constrained scheduling of coordinated electricity and natural gas infrastructures." IEEE Systems 
Journal 11, no. 3, 1674-1683, 2015. 
